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SUMMARY 

The body shapes t e s t e d  were axial ly  symmetric blunt-nosed cylinders 
followed by conical  flares similar t o  a c l a s s  of bodies present ly  of 
i n t e r e s t  as t h e  re-entry s tage on b a l l i s t i c  miss i les .  The s t a t i c  
s t a b i l i t y  of these t es t  bodies conformed t o  the  c h a r a c t e r i s t i c s  t y p i c a l  
of bodies of t h i s  general  shape at hypersonic v e l o c i t i e s ,  s p e c i f i c a l l y  
t h e  low i n i t i a l  s t a t i c  s t a b i l i t y  and the rapid nonlinear increase i n  
s t a b i l i t y  with angle of a t tack .  

Comparison is  made between t h e  experimentally determined s t a t i c  
s t a b i l i t y  and predictions by the Newtonian impact theory and an e s t i -  
mation procedure reported i n  NASA TM X-377. The Newtonian impact theory 
is found t o  ser ious ly  overpredict t h e  s t a b i l i t y  and i n  one case indicates  
considerable s t a t i c  s t a b i l i t y  where, i n  f a c t ,  i n s t a b i l i t y  e x i s t s .  The 
newer theory gives a very good prediction of the i n i t i a l  & a b i l i t y  but  
does not give the strong favorable nonlinearity of t h e  pi tching moment 
with angle of a t tack .  

INTRODUCTION 

The severe heating and s t a b i l i t y  e f f e c t s  encountered during 
b a l l i s t i c  re-entry in to  the  ear th ' s  atmosphere inpose c r i t i c a l  r e s t r i c -  
t i o n s  on the v a r i e t y  of shapes acceptable as possible re-entry vehic les .  
One c l a s s  of bodies which has been employed f o r  t h i s  purpose is charac- 
t e r i z e d  by a blunt-nosed cylinder followed by a conical  f l a r e .  The 
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blunt  nose is  providcd t o  reduce the  aerodynamic heating and the  f l a r e  
i s  provided t o  increase the  aerodynamic s t a b i l i t y .  

The s t a t i c  s t a b i l i t y  of t h i s  c lass  of bodies has been studied 
experimentally i n  wind tunnels ( e  .g., ref .  1) and i n  the  Ames Supersonic 
Free-Flight Wind Tunnel ( r e f s .  2 and 3 ) .  
otherwise unpublished wind-tunnel, b a l l i s t i c - r a n g e ,  and f u l l - s c a l e  t e s t  
resu l t s  as wel l  as the  Ames da ta .  The r e s u l t s  presented i n  reference 1, 
f o r  a very blunt  member of t h i s  c l a s s ,  show nearly a constant value f o r  
the s t a t i c  pi tching moment between Mach numbers of 1.0 and 2.2. These 
d a t a  do, however, show a s l i g h t  increase i n  the  s t a b i l i z i n g  moment above 
a Mach number of about 2.0. The wind-tunnel and ba l l i s t ic - range  r e s u l t s  l 
presented i n  reference 3 indicate  f o r  one shape t h a t  the  s t a t i c  s t a b i l i t y  A 
markedly increases between Mach numbers of 2 and 4.and appears t o  be 4 
approaching the  value given by Newtonian impact theory f o r  M>>1. Instead 5 
of reaching the  Newtonian value, however, t h e  s t a t i c  moment drops sharply * *  6 
between Mach numbers of about 4 and 10 ( e  .g.,  refs. 2 and 3 )  and s e e m  
t o  approach a minimum l i m i t  i n  the  region of Mach number 15 (see  r e f .  3 ) .  
References 2 and 3 a l so  report  a s t rong increase i n  the  pitching moment 
with ang le  of a t tack ,  indicat ing t h a t  the  re la t ionship  governing t h e  
pitching moment must contain terms nonlinear as wel l  as l i n e a r  i n  pitching 
amplitude. 

Reference 3 contains some 

The v a l i d i t y  of the  Newtonian theory f o r  determining the s t a t i c  
s t a b i l i t y  of such configurations was  discussed i n  reference 3. There it 
w a s  pointed out t h a t  t h i s  theory f a i l s  t o  give a r e l i a b l e  predict ion 
because t h e  Newtonian flow model, characterized by a s ingle ,  c lose ly  
wrapped shock wave, is not real ized.  An a l t e r n a t i v e  method of analysis  
w a s  developed and described. This method is based on the  existence of 
a bow wave s imilar  t o  t h a t  given by blast-wave theory and a separate 
shock wave generated by t h e  f l a r e .  

A se r ies  of exploratory t e s t s  w a s  made a t  Mach numbers from 13 t o  
17 of three configurations. The purpose w a s  t o  make a rapid survey of 
the  aerodynamic behavior of such bodies i n  t h e  hypersonic speed range and 
t o  provide data  f o r  the evaluation of the avai lable  t h e o r e t i c a l  methods 
of s t a b i l i t y  predict ion.  Because of t h e  nonlinear v a r i a t i o n  of s t a t i c  
s t a b i l i t y  with angle of a t tack ,  it w a s  necessary t o  employ novel methods 
of da ta  analysis ( r e f s .  4 and 5 ) .  

. 
-- 

SYMBOLS 

- 4  

A reference area, cross -sect ional  a rea  a t  nose -cylinder junction 
t 

a maximum amplitude of pitching motion * r ;  

drag drag coeff ic ient  , - 
SA CD 
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M ‘Jm pitching-moment coef f ic ien t  , - 
r a t e  of change of pitching-Eoment coe f f i c i en t  with angle of 

dCm 
do 

a t t ack ,  - 
value of ha obtained from f r ee - f l i gh t  angle h i s to ry  with 

assumption t h a t  C, is l inear  with a 

normal force normal-f orce coe f f i c i en t  , 
SA CN 

d diameter of missi le  at nose-cylinder junction 

I moment of i n e r t i a  about an axis through the  center  of g rav i ty  
and perpendicular t o  the  axis of symmetry 

K constant defined i n  equation ( 6 )  

2 t o t a l  miss i le  length 

M aerodynamic res tor ing  moment about t he  center  of grav i ty ;  
pos i t ive  when d i rec ted  so tha t  t h e  angle of a t t ack  tends t o  
increase 

M, 

9 

R Reynolds number 

Mach number of undisturbed a i r  r e l a t i v e  t o  miss i le  

dynamic pressure of undisturbed airstream, - pV2 1 
2 

v 
‘3 

2 

veloc i ty  of miss i le  r e l a t i v e  t o  f r e e  stream 

center-of-gravity locat ion from nose i n  percent of length 

- center-of-pressure loca t ion  from nose i n  percent of length 
2 
a 

P 

angle of a t t ack  ( i n  v e r t i c a l  plane) 

angle of s ides  l i p  ( i n  horizontal  plane ) 

A wave length of pi tching motion r e l a t i v e  t o  airstream 

P dynamic v i scos i ty  of t he  undisturbed airs t ream 

w frequency of pi tching motion 

P densi ty  of undisturbed airstream 



absolute magnitude of resu l tan t  angle of a t tack  

angle of a t tack  a t  which %L = C% 

root mean square angle of a t tack  

d2d 
a t2  
- 
i n i t i a l  phase angle i n  expression f o r  CI (eq .  ( 3 ) )  

MODELS AND TEST EQU1Pi'"T 
"A 
4 

Three blunt-nosed models with conical  f l a r e s  ( f i g s .  1( a ) ,  ( b ) ,  ( e ) )  -5 
6 test-flown i n  the  Supersonic Free-Flight Wind Tunnel a t  Mach 

numbers from 13 t o  17. The models were of a bimetal l ic  construction, 
tungsten a l loy  s t e e l  and aluminum, t o  control  the center-of -gravity 
locat ion.  
w a s  accomplished by shooting the  models from a light-gas gun upstream 
through a Mach number 3 airs t ream. The maximum veloc i ty  reached during 
the  t e s t s  was ll,5OO f e e t  per second (airs t ream ve loc i ty  of 2000 f t / s e c  
plus model veloci ty  of 9300 f t / s e c ) .  
sound i n  the  f r e e  stream of 666 f e e t  per second t h i s  ve loc i ty  corre- 
sponded t o  a Mach number of 17.26. 

Launching of the t e s t  bodies t o  the high Mach numbers reported 

I n  comparison t o  the speed of 

The gun used t o  launch the t e s t  models u t i l i z e s  a gas of l i g h t  
molecular weight ( i n  t h i s  case, helium) f o r  t h e  propel lant .  
is compressed t o  high temperature and pressure by burning a charge of 
high explosive gun powder i n  t h e  pump tube where t h e  helium is  chambered. 
The compressed and heated helium then dr ives  the  model from the  gun. 
description of the pr inciples  of operation of guns of t h i s  type can be 
found i n  reference 6 .  

The helium 

. 
A 

-s 

Along the t e s t  sec t ion  of the  wind tunnel  a re  nine photographic 
and timing s t a t i o n s .  A t  each of these s t a t i o n s  orthogonal shadowgraphs 
a r e  taken of the model i n  f l i g h t  and t h e  time increments between t h e  
s ta t ions  a re  recorded. From these da ta  t h e  pi tching,  swerving, and 
acceleration h is tory  of the f l i g h t  and the  aerodynamic c h a r a c t e r i s t i c s  
of the  model can be determined. Records of t h e  pitching amplitude from 
two t e s t s  made with model A a r e  shown i n  f i g u r e  2.  Figure 3 displays 
t h e  motion i n  t h e  a, p plane of the same two t e s t s .  
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METHOD OF DATA ANALYSIS 

U n t i l  recent ly  the primary method of reduciilg the bas ic  d a t a  
recorded i n  a f r e e - f l i g h t  f a c i l i t y  for a x i a l l y  symmetric bodies has been 
t o  assume the  pitching-moment coeff ic ient  t o  be a l i n e a r  funct ion of 
angle of a t t a c k ,  and the  damping t o  be zero.  
equation of motion i n  polar form f o r  planar motion i s  

I n  such a case, t h e  

o r  

If Cw is  negative (corresponding t o  s t a b l e  motions) t h e  s o h -  
L 

t i o n  of (2)  is  t h e  simple harmonic expression which can be wr i t ten  

CI = a s i n ( u t  + c p )  ( 3 )  

Where W, the  angular frequency, i s  

yielding 

From equations ( 3 )  and ( 5 )  it i s  evident t h a t  i f  t h e  assumption of a 
l i n e a r  pitching moment is  v a l i d ,  a plot of resu l tan t  angle of a t tack  
versus time (or dis tance)  w i l l  f o r  planar motion be a s ine  wave, and, 
more general ly ,  w i l l  be a simple harmonic motion. The wave length A 
w i l l  be  independent of amplitude. Figure 2 shows t h a t  f o r  t e s t  model A, 
both of these conditions a r e  violated and it i s  therefore  t o  be expected 
t h a t  t h e  t r u e  expression f o r  the pitching moment w i l l  contain terms non- 

calculated from l i n e a r  i n  pi tching amplitude. The value of 

equation ( 5 )  w i l l  not therefore  be the t r u e  value of the pitching- 
moment curve slope but w i l l  be an effect ive value over the range of 
amplitudes up t o  the  maximum amplitude measured. This i s  i l l u s t r a t e d  
i n  f i g u r e  4 f o r  a moment coeff ic ient  curve given by 

Gm% 
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A s  given i n  reference 4 a miss i le  whose pi tching motion is  governed 't: 
t h i s  re la t ion  would y ie  1 the  l i n e a r  Cm cuive shown on the  f igu re  if 
flown with a maximum angle of a t t ack  of 10'. It can be seen from t h i s  
example t h a t  

s t a t i c  s t a b i l i t y  up t o  the  maximum pi tching amplitude displayed. 

G,, calculated from Cma , does crudely approximate t h e  L 

The problem of solving t h e  complete equation of motion f o r  the 
pitching and r o l l i n g  miss i le  with nonlinear res tor ing  moment i s  very 
d i f f i c u l t ,  but i n  recent years so lu t ions  under c e r t a i n  r e s t r i c t i o n s  
have been developed (see e .g., r e f s .  4, 5 ,  7, and 8 ) .  
references 4 and 5 are  used i n  t h i s  r epor t .  

The methods of 

Kirk ,  i n  reference 4, presents a method of transforming l i n e a r  
theory resu l t s  in to  the nonlinear expression f o r  the  pi tching moment. 
The theo re t i ca l  r e s t r i c t i o n s  f o r  t he  method t o  be va l id  a re  t h a t  t h e  
pitching motion be planar ( t r a c e  i n  t h e  
passes through the  o r i g i n ) .  However, it has been experimentally 
determined t h a t  t h i s  r e s t r i c t i o n  i s  not r i g id ,  and t h e  method can be 
used successfully as  long as  the  r a t i o  amin/Omax l /3 .  Sketch ( a )  
i l l u s t r a t e s  t he  r e s t r i c t i o n  imposed on the  pi tching motion f o r  t h i s  
method t o  be appl icable .  

a, p plane is l i nea r  and 

c m i n  
cmax 
- 

Sketch ( a )  

theory.  I n  t h i s  manner he has been 

-R 
4 
2 
'6 

It is c l e a r  f rom presentat ions 
s imi l a r  t o  t h a t  shown i n  f igu re  4 
t h a t  t he  e f f ec t ive  slope calculated 
by l i n e a r  theory is equal i n  mag- 
nitude t o  the  t r u e  slope a t  an 
angle of a t tack  normally d i f f e r e n t  
from umax. Kirk has made t h i s  
observation quant i ta t ive  by assuming 
t h e  pitching-moment coe f f i c i en t  i n  
equation (1) t o  be described by 
nonlinear functions of amplitude, 

d i f f e r e n t i a l  equation thereby 
produced, and comparing these  r e s u l t s  
with t h a t  given by the  l i n e a r  

' a  

solving the r e su l t i ng  nonlinear - C  

able  t o  e s t ab l i sh  a relationshiD - 
S O  t h a t  CmuL a t  amax is 'eff 

between Umax and a f i c t i t i o u s  

equal t o  t h e  t r u e  Cmo a t  aef f .  The func t iona l  representat ions f o r  
C, solved by Kirk a re :  

G, = con ( 7 )  
h 

. D  c, = C(a + ao2 + bo") 
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(10) 
5 

Cm = C ( O  + ao3 + b o  ) 

The r e l a t ions  used i n  t h i s  repor t  a re  the  l inear-cubic ( r e fe r r ed  t o  as 
Kirk 1-3) and l inear-cubic-quintic ( re fer red  t o  as Kirk 1-3-5) (eqs .  ( 8 )  
and (10))  i n  pi tching amplitude t o  represent t h e  va r i a t ion  of To 
apply t h i s  theory it is necessary t o  obtain from a s e r i e s  of f l i g h t  
t e s t s  t he  l i n e a r  theory value 

t e s t .  
of omax 
used f o r  
q u i n t i c ) .  
theory values can be transformed as follows: 

G,. 

associated with amax f o r  each 
%UL 

Equation ( 5 )  is used f o r  t h i s  purpose. A s  many d i sc re t e  values 
a re  required as  there  a re  unknown constants i n  the  expression 
G, ( i . e . ,  t w o  f o r  linear-cubic and three  f o r  l inear-cubic-  
From t h e  information contained i n  reference 4 these  l i n e a r  

A 
4 -  
5 
6 

** 

4’ 

-- 

L’ 

b.. 

This, then, gives the  required number of  points on the  t r u e  % curve, 
given by 
expression f o r  Cm t o  be determined. Hence the  problem is  solved. The 
a c t u a l  mechanics involved i n  the  transformation Omax --f aeff a re  not 
extremely complicated f o r  t he  1-3 r e l a t ion .  
r e l a t ionsh ip  it is  almost a necessi ty  t o  e n l i s t  t he  a id  of an e lec t ronic  
computer. 

d d d a ,  t o  enable the  unknown constant coe f f i c i en t s  i n  t h e  

However, f o r  tQe 1-3-5 

The ana lys i s  developed by Rasmussen, i n  reference 5 ,  f o r  a moment 
curve described by 
motion f o r  a symmetrical’missile w i t h  zero trim. 
nonlinear equation was found i n  closed form i n  terms of e l l i p t i c  i n t e -  
g ra l s  under t h e  above assumption f o r  
p i tch ing  motions r ad ica l ly  d i f f e r e n t  from planar as  shown i n  sketch ( b ) ,  
so long as 

& = a u  + bo3 begins with the general  equations of 
The so lu t ion  of the 

Cm. This method is va l id  f o r  

can be represented by a l i nea r  plus a cubic term i n  G, u .  
a 

The procedure used i n  t h e  appl icat ion 
of t h i s  method is described i n  reference 5.  
Br ie f ly  it r e l i e s  on the  very nearly l i n e a r  
behavior of the  e f fec t ive  frequency of  the  
p i tch ing  motion (defined by 
when p lo t t ed  against  (omax + omin ) .  The 
in t e r sec t ion  of the  l i ne  described by t h i s  
p l o t  with t h e  ,e2 ax is  is  a measure of the  
coe f f i c i en t  of t h e  l i nea r  term, and the 
slope of t h e  l i n e  is a measure of the cu3ic 
term coef f ic ien t  i n  the  expression for Cm. 

we2 = h 2 V 2 / h 2 )  

P 2 2 

Sketch ( b )  - 
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A c r i t i c a l  comparison of t he  two methods just described i s  included 
i n  reference 4 .  For the case of purely planar motion with & ac tua l ly  
defined by terms l i nea r  and cubic i n  d t he  Kirk 1-3 and Rasmussen 
analyses agree.  However, i n  t he  appl icat ion of the  Rasmussen theory, 
using the assumption of a l i n e a r  r e l a t i o n  between' we2 and 
(omax 2 + omin2) can cause s l i g h t  differences t o  occur. 

RESULTS AND DISCUSSION 

Experimental S t a b i l i t y  D a t a  

.? A 
4 
5 

c"dL .*6 

The da t a  p lo t ted  i n  f igure  5 as a funct ion of maximum angle of 
calculated by equation ( 5 )  f o r  s ix  runs a t t ack  are the  values of 

with t e s t  model A.  
these s i x  t e s t s .  
center-of -gravity locat ion and theref  ore indicate  grea te r  s t a b i l i t y .  
The presence of strong nonl inear i ty  i n  the  pi tching moment i s  indicated 
by the  increasing magnitude of 

Similar nonl inear i ty  is evident i n  the  da t a  f o r  t e s t  models B and C 
presented i n  t ab le s  I1 and I11 and f igures  6 and 7 .  

Table I l i s t s  the  tunnel  and model conditions f o r  
The square symbols correspond t o  the  more forward 

with increasing amplitude . IC% I 

Figure 8 i s  a presentat ion of the  pi tching moment f o r  t e s t  model A 
as given by t h e  Kirk 1-3 and 1-3-5 and the  Rasmussen methods of da t a  
analysis .  
configuration is  equally w e l l  defined by any of these methods. 
l e s s  s tab le  model the pi tching moments determined by the  Kirk 1-3 and 
Rasmussen methods are i n  close agreement but d i f f e r  by a s ign i f i can t  
amount from t h a t  given by the  Kirk 1-3-5 ana lys i s .  
a t t r ibu ted  t o  two major f a c t o r s .  F i r s t  there  is the  mathematical 
influence of the quint ic  term i n  the  expression f o r  
s a r i l y  a f fec ts  the  shape of t h e  curve produced. 
more important f o r  t h i s  model is the  e f f e c t  of da t a  s c a t t e r .  
of t he  poor s t a b i l i t y  of t h i s  model, s m a l l  r e l a t i v e  changes i n  the  three  

It can be seen t h a t  the  pi tching moment f o r  the  more s t a b l e  
For t h e  

This difference is 

&, which neces- 

Because 
Secondly and possibly 

values used can have a pronounced e f f e c t  on the analysis  and may 

-. 
-. 

cause the quin t ic  term t o  change s ign  ( i . e . ,  change from a s t a b i l i z i n g  
t o  a destabi l iz ing t e r m ,  o r  vice v e r s a ) .  
da t a  s ca t t e r  it would be necessary t o  perform more tests and fa i r  a 
curve through the  

values could be se lec ted .  
only 4 percent (see f i g .  5 ) ,  t he  curve given by the  Kirk 1-3-5 method 
would coincide with the  Kirk 1-3 and Rasmussen r e s u l t s .  

To eliminate t h i s  e f f e c t  of 

vs . amax da ta  from which three  more r e l i a b l e  
. rL  

If the  da t a  point f o r  run 499 were lowered by 

. .* 
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The normal-force coef f ic ien t  and center-of-pressure locat ion as a 
function of angle of a t tack  can eas i ly  be determined f r o m t h e  two 
pitching-moment coef f ic ien t  curves as the  t e s t  models and t e s t i n g  con- 
d i t ions  were nearly i d e n t i c a l  except f o r  the center-of -gravity loca t ion .  
A t  any angle of a t tack  the  normal force and center-of-pressure locat ion 
a re  independent of the center-of-gravity locat ion.  For a body t e s t e d  
with two center-of-gravity locations we can then wr i te  f o r  8 given 
angle of a t tack  

9 

F 

and 
1 1 

Applying equations (12 )  and (13) t o  the information in f igure  8 w e  a r r i v e  
a t  the  r e s u l t s  presented i n  f igure  9 .  The normal force is  seen t o  be 
near ly  a l i n e a r  function of t h e  angle of a t tack  up t o  cr = 6O; therefore  
t h e  s l i g h t  nonl inear i ty  of the pitching moment i n  t h i s  region m u s t  be 
due t o  the  rearward movement of the center of pressure.  Note t h a t  t h e  
l e s s  s t a b l e  model displays a more nonlinear pitching moment i n  t h i s  
region than  the  more s t a b l e  configuration. This is  due t o  t h e  shor te r  
moment a r m  from t h e  center of pressure t o  the center  of grav i ty  f o r  t h i s  
model, which causes it t o  be more sensi t ive t o  changes i n  t h e  center-of- 
pressure locat ion.  Above cr = 6' the normal force increases i n  a non- 
l i n e a r  manner, causing t h e  pitching moment t o  g r e a t l y  increase i t s  
nonlinear behavior. 

The pi tching moment f o r  t e s t  model B is  shown i n  f igure  10. The 
Kirk 1-3-5 method could not be employed i n  t h i s  case,  as the  t h i r d  t e s t  
displayed an almost c i r c u l a r  
The Rasmussen and Kirk 1-3 methods agree very well  and indicate  t h a t  
t h i s  model possesses very good s t a t i c  s t a b i l i t y  even though the center  
of grav i ty  is located a t  0.4902 from t h e  nose. Plot ted a l s o  on t h i s  
f igure  is the  pitching moment f o r  model A with Xcg = 0.4902. It is  

a ,  B motion (symbol with a t i c  i n  f i g .  5). 
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c l e a r  t ha t  t h e  l a rge r  f l a r e  and b lunter  nose have a pronounced e f f e c t  
on the  s t a t i c  s t a b i l i t y  of t h i s  model. Normal force and center  of 
pressure could not be determined i n  t h i s  case,  as only one center-of- 
grav i ty  location w a s  t e s t e d .  

The data  s c a t t e r  i n  t h e  low amplitude region f o r  t e s t  model C made 
the  analysis of t h i s  body l e s s  exact than t h a t  of t e s t  models A and B.  
This s ca t t e r  is  a t t r i b u t e d  t o  s m a l l  d i f ferences i n  center-of -gravity 
locat ion,  as noted i n  t a b l e  111, and t o  the  'inherent d i f f i c u l t y  i n  
def ining the wave length of pi tching motion when Umax is s m a l l  and t h e  
s t a b i l i t y  is poor. Because of t h e  unknown influence of these  f ac to r s  on 
the  da ta  points,  t he  three  low amplitude tests were averaged t o  obtain a 

L 
given by the Rasmussen and Kirk methods a re  shown i n  f igu re  11. 
Rasmussen analysis  has been applied separately t o  the  low- and the  high- 
amplitude regions.  
i s  necessary t h a t ,  f o r  the  angle of a t t ack  i n t e r v a l  included, (& 

c lose ly  approximated by a l inear-cubic expression. This assumption is  
probably very good f o r  the low-amplitude region shown. 
regions,  the  grea te r  e f f e c t  of higher ordered terms i n  t h e  ac tua l  
r e l a t i o n  l imi t s  t h e  l inear-cubic approximation t o  s m a l l  angle of a t t ack  
in t e rva l s .  The high-amplitude region shown (19' t o  32') i n  t h i s  f i gu re  
is very l i ke ly  much too large and therefore  is  not considered quant i ta-  
t i v e l y  val id  but does indicate  the  necessi ty  of using higher order terms 
t o  describe the  pi tching moment over a wide range of amplitudes. 
Kirk 1-3 method is applied only t o  the  low-amplitude region and, as 
previously establ ished f o r  models A and B, agrees subs t an t i a l ly  with t h e  
Rasmussan amalys is  . 

s ingle  point a t  umax = 7 .lo and h0 = -0 .lo?. The pi tching moment6 1 

The E 

For t h i s  method of presentat ion t o  be meaningful it 
be 

For high-amplitude 
Cm 

The 

The Kirk 1-3-5 analysis  indicates  a rapid decrease i n  s t a b i l i t y  
above 28', becoming unstable a t  36'. It is expected t h a t  a t  very large 
angles of a t tack ,  t he  pi tching moment would tend t o  approach a limit o r  
possibly would decrease somewhat, but a rapid decrease and p a r t i c u l a r l y  
the  complete loss of s t a b i l i t y  f o r  t h i s  model is  doubtful .  The t r u e  
pitching-moment representat ion over a large range of pi tching amplitudes 
would be a very complicated funct ion because of boundary-layer separat ion 
and shock wave and body in t e rac t ion .  The s impl ic i ty  assumed by l imi t ing  
t h e  polynomial expansion of Cm t o  a l inear-cubic-quintic r e l a t i o n  thus 
r e s t r i c t s  t he  method and should be used with caution whenever the  range 
of values of Omax becomes la rge ;  ex t rapola t ion  t o  higher angles should 
pa r t i cu la r ly  be avoided. 
t he  s m a l l  angle region, then, o ther  tests with omax f a l l i n g  i n  t h e  
range 12' t o  14' would be des i red .  
the  resu l t s  from t h e  Rasmussen and Kirk 1-3 analyses a re  more r e l i a b l e  
f o r  t h i s  t es t  model, i n  the  pi tching amplitude range 0 < 0 < 10'. 

To apply the  Kirk 1-3-5 analysis  properly t o  

For t h i s  reason it i s  believed t h a t  
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All th ree  of these methods indicate t h a t  t h i s  model i s  s l i g h t l y  
unstable a t  6 0, becoming s t a b l e  a t  about 3'. This low i n i t i a l  
s t a b i l i t y  is caused, i n  p a r t  a t  l ea s t ,  by the  s m a l l  ha l f  angle of the  
flare (9.1'). The main e f f e c t  o f  a modest increase i n  f l a r e  angle would 
be t o  cause the  center  of pressure of t he  f l a r e  t o  move rearward, thereby 
increasing t h e  s t a b i l i t y .  The more rapid increase i n  t h e  p i tch ing  moment 
of t h i s  model with angle of a t t ack  (as compared with models A and B )  is 
pr imari ly  due t o  t h e  large plan-form a rea  of t he  f l a r e ,  which has a 
pronounced e f f e c t  on the  f l a r e  normal force  when t h e  model is  ro ta ted  t o  
an angle of a t t ack .  Also not t o  be overlooked is t h e  very s e n s i t i v e  
nature of models with poor s t a b i l i t y  t o  small  changes i n  t h e  loca t ion  of 
t he  center  of p ressure ,  as noted i n  the discussion of model A .  

Newtonian impact theory is  used as a comparison with t h e  experimental 
p i tch ing  moments determined. 
( c )  a re  extensions of the i n i t i a l  slopes given i n  reference 9. 
shows t h a t  at these  Mach numbers impact theory overpredicts t h e  s t a t i c  
s t a b i l i t y  considerably and i n  the  case of t e s t  model C f a i l s  t o  give any 
ind ica t ion  of t he  i n s t a b i l i t y  a t  very low amplitude. Reference 3 presents 
a discussion of some of t h e  reasons tha t  impact theory should be expected 
t o  overpredict  t h e  s t a t i c  s t a b i l i t y  o f  miss i les  of t h i s  general  config- 
ura t ion  a t  hypersonic v e l o c i t i e s .  

The values shown i n  f igu res  12 (a ) ,  ( b ) ,  and 
Figure l2 

Reference 3 a l s o  presents  a t heo re t i ca l  method of predict ing the  
s t a t i c  s t a b i l i t y  contributed by t h e  f l a r e  and a semiempirical method 
f o r  t h e  f orebody, calculated by perturbat ion of the  zero angle -of -a t tack 
pressure d i s t r i b u t i o n .  
a re  a l s o  compared with the experimental da ta  i n  f igu re  l2. 

The pitching-moment estimations by t h i s  method 

The value of t h i s  method is c lear ly  seen t o  be t h e  a b i l i t y  t o  
c lose ly  pred ic t  t he  i n i t i a l  s ta t ic  s t a b i l i t y .  This is p a r t i c u l a r l y  t r u e  
f o r  t e s t  models B and C .  The l imi ta t ion  of t he  method at higher angles 
of a t t ack  i s ,  as discussed i n  reference 3, very l i k e l y  due t o  the  
treatment of t h e  f orebody contribution t o  over -a l l  s t a b i l i t y .  
be l i e f  i s  supported by the  normal force and center-of-pressure comparisons 
with model A made i n  f igu re  9 .  This f igu re  ind ica tes  that the  i n i t i a l  
normal-force curve slope is very accurately predicted and t h e  normal- 
force pred ic t ion  is good up t o  a = 5'. 
b i l i t y  pred ic t ion  is therefore  caused by a 0.052 e r r o r  i n  center-of- 
pressure loca t ion .  The center  of pressure of t h e  f lare  can be located 
with a reasonable degree of cer ta in ty  and consequently the  major e r r o r  
i n  t h e  center-of -pressure loca t ion  must be a t t r i b u t e d  t o  t h e  forebody. 
This point  i s  f u r t h e r  i l l u s t r a t e d  by f igu re  13, which shows t h a t ,  theo- 
r e t i c a l l y ,  the  normal force contributed by the  forebody is two t o  th ree  
times that contribi-ited b j j  t he  f l a r e ,  indicat ing the  r e l a t i v e l y  grea te r  
influence of t h e  forebody i n  t h e  location of t he  center  of pressure.  

This 

The g rea t e s t  e r r o r  i n  t h e  sta- 
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Drag 

Figure 14 presents the drag coef f ic ien ts  of the  subject  models 
p lo t ted  against the  root mean square angle of a t t a c k .  
between the drag coef f ic ien ts  of t e s t  models A and C i n  the  low-angle 
region. 
nose shapes and f l a r e  base diameters. 
a l s o  tabulated i n  t a b l e s  I, I T ,  and 111. 

Note the  s i m i l a r i t y  

This cor re la tes  with the  f a c t  t h a t  they have near ly  i d e n t i c a l  
The d a t a  shown i n  t h i s  p l o t  a r e  

CONCLUDING REMARKS 
A 
-% 

Each of the  t e s t  models reported herein displays poor i n i t i a l  5 
.6 s t a t i c  

amplitude consis tent  with the  data  given i n  references 2 and 3. 
experimental r e s u l t s  have been compared with the  Newtonian impact theory 
and t h e  theory of reference 3 .  The Newtonian theory has been establ ished 
beyond a doubt i n  t h i s  report  and i n  others t o  be an unrel iable  method 
of predicting t h e  s t a t i c  s t a b i l i t y  of t h i s  c lass  of miss i les .  The theory 
described i n  reference 3 gives a useful ly  accurate estimate of the 
i n i t i a l  ( s m a l l  angle) s t a b i l i t y  of blunt-nosed f l a r e  s t a b i l i z e d  bodies,  
a t  l e a s t  f o r  t h e  bodies and speeds invest igated i n  t h e  present s tudy.  
It should, however, as noted by i t s  or ig ina tors ,  be improved i n  i t s  
treatment of the  center-of -pressure locat ion of the  forebody, because 
it f a i l s  t o  indicate  the strong favorable nonl inear i ty  t h a t  appears a t  
angles of a t t a c k  of the  order of a few degrees.  

s t a b i l i t y  and strong nonl inear i ty  of t h e  pitching moment w i t h  
The 

The t h e o r e t i c a l  methods developed by Rasmussen and Kirk f o r  reducing 
s t a b i l i t y  coef f ic ien ts  from f r e e - f l i g h t  t e s t  data  have been applied t o  

‘I 

the  three t e s t  models and have been found easy t o  apply and t o  agree 
very well where comparison w a s  possible .  

-I 

Ames Research Center 
National Aeronautics and Space Adminis t ra t  ion 

Moffett Field,  C a l i f  ., Dee. l2, 1960 
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.* 
Figure 4 . -  Comparison of a nonlinear pitching-moment curve with l i n e a r  

so lu t ion  corresponding t o  omax = loo. 
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Figure 6 . -  Linear pitching-moment curve slope as a funct ion of maximum 
r e s u l t a n t  angle of a t t a c k  f o r  model B. 
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of at tack for model A as given by three  methods of da t a  ana lys i s .  
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Figure 9.- Center-of-pressure location and normal-force coef f ic ien t  as 
a funct ion of t h e  resu l tan t  angle of a t tack  f o r  model A. 
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Figure 13.- Ratio of the  normal-force contr ibut ion of the forebody t o  
t h e  normal force  act ing on t h e  f l a r e  as given by t h e  estimation 
procedure of reference 3 .  
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